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Abstract. The authors have recently developed two novel solutions for strain sensing
using nanocomposite materials. While they both aim at providing cost-eﬀective solutions
at monitoring local information on large-scale structures, both technologies are diﬀerent in
their applications and physical principles. One sensor is made of a cementitious material,
which could make it suitable for embedding within the core of concrete structures prior to
casting, and is a resistor, consisting of a carbon nanotube-cement based transducer. The
other sensor can be used to create an external sensing skin and is a capacitor, consisting of
a ﬂexible conducting elastomer fabricated from a nanocomposite mix, and deployable in a
network setup to cover large structural surfaces. In this paper, we advance the understanding
of nanocomposite sensing technologies by investigating the potential of both novel sensors
at dynamic monitoring of civil structures. First, an in-depth dynamic characterization
of the sensors using a uniaxial test machine is conducted. Second, their performance at
dynamic monitoring of a full-scale concrete beam is assessed, and compared against oﬀ-
the-shelf accelerometers. Experimental results show that both novel technologies compare
well against mature sensors at vibration-based structural health monitoring, showing the
promise of nanocomposite technologies at monitoring large-scale structural systems.
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1. INTRODUCTION
Structural health monitoring (SHM) of civil structures has the potential of enabling timely
inspection and maintenance, resulting in enhanced structural safety and longer life span
[1, 2]. However, the SHM task is complicated by the inherent size of the structures to
be monitored. Most of existing sensing solutions are hardly scalable without necessitating
substantial costs and complex signal processing algorithms. It results that monitoring and
diagnostic solutions may rapidly become ﬁnancially unattractive because of their low return
on investment.
Recent advances in nanomaterials and synthetic metals have led to new possibilities in
sensor developments [3, 4], including high conductive materials and ﬂexible electronics that
enable substantial improvements in the cost-eﬀectiveness of SHM solutions for geometrically
large systems. Building on these technological advances, the authors have developed two
novel strain gauges, with the common objective to provide local information over global
surfaces, analogous to biologic skin.
The ﬁrst sensor consists of a Carbon NanoTube Cement based Sensor (CNTCS) [5].
The CNTCS is a self-sensing cement paste that can be applied over large linear segments
to enable monitoring of concrete structures. The similarity between the sensor's material
and structural concrete also suggests that CNTCS could be embedded in concrete structures
prior to casting. Embedded, the CNTCS would have the advantage to easily bind with
the monitored structure, with the potential to transform the structures into inﬁnite sets
of potential sensors. This would enlarge the sensitive volume to its maximum extent.
Cementitious materials, such as the one used for CNTCS, also have the same durability
as the monitored structure, which allows long-term applications with limited maintenance
issues. With the CNTCS, local strain is transduced in a change in electrical resistance.
The second sensor proposed by the authors consists of a Soft Elastomeric Capacitor
(SEC) that can be deployed over large surfaces, at low cost, to enable meso-sensing
[6, 7]. Arranged in a network conﬁguration, the sensing strategy could provide discrete
measurements at numerous locations. The SEC is fabricated from a poly-styrene-co-ethylene-
butadiene-co-styrene (SEBS) matrix mixed with titanium dioxide (TiO2) sandwiched
between electrode plates composed of SEBS mixed with carbon black (CB). Local strain
is transduced in a change in capacitance. As it will be derived in Sect. 2.2 and validated in
Sect. 4.2, a particular advantage of the sensor is its bi-directional measurement capability,
which provides a mean to measure dynamic responses along two major axes.
These two technologies are similar by being novel strain gauges fabricated from
nanocomposite mixes, but diﬀerent in their installations: the CNTCS has been designed
as an embeddable cement-based sensor, and the SEC as a surface sensor.
Numerous SHM applications rely on dynamic identiﬁcation from vibration measure-
ments [8] in operational conditions with excitation typically provided by wind [9] and traﬃc.
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Continuous applications of dynamic monitoring are becoming popular, as they enable real
time monitoring of diﬀerential structural changes and further knowledge on structural be-
havior [10]. Given the potential of dynamic monitoring techniques, the authors propose to
advance the understanding of both novel sensing methods by comparing their performance
at dynamic monitoring of civil structures. By conducting this comparison, the authors aim
at demonstrating the promise of novel nanocomposite sensing technologies to address the
large-scale monitoring challenge.
The paper is organized as follows. Sect. 2 presents the background theory on both
sensors, including the state-of-the-art summary, fabrication process, and sensing principle.
Sect. 3 describes the methodology used for the dynamic characterization of the sensors and
for their performance assessment on a full-scale concrete beam. Sect. 4 shows and discusses
the experimental results. Sect. 5 concludes the paper.
2. Background
2.1. Carbon Nanotube Cement-Based Sensor
The idea of fabricating self-sensing cementitious materials through the addition of suitable
particles into traditional admixtures dates back to the early 90's [11]. Since then, literature
comprised several studies devoted to cement-based materials mix with carbon ﬁbers [12],
nano-carbon black [13] and, more recently, carbon nanotubes [14, 15]. It was recognized
that the particles modify the electrical resistivity of cementitious materials and deﬁne the
strain sensing functional property due to piezoresistivity caused by the slight pull-out of
ﬁbers passing through microcracks [12]. Among the various types of nanoparticles, Carbon
NanoTubes (CNTs) are especially promising because they possess excellent electrical and
mechanical properties. For this reason, they are currently employed in the realization of
many strain sensing composite materials (e.g. [16, 17]). However, the dispersion of CNTs
into a cementitious matrix is a very delicate tasks because of their low solubility in water
solutions [18].
Compared to other existing cement-based sensing composites, the novel CNTCS sensor
has been designed and manufactured with a procedure speciﬁcally tailored for dynamic
sensing of strain. This ﬁeld of research is almost unexplored, as most literature works have
been focused so far on the response of nanotechnology-modiﬁed cement-based materials
to slowly varying strain, while their response to dynamically varying strain was rarely
investigated. The CNTCS is calibrated to achieve a good sensitivity, using physical and
chemical methods for dispersion of nanotubes in order to obtain a homogeneous and eﬀective
composite material. Compared with traditional strain gauges, the CNTCS is fabricated with
a material similar to structural concrete, which could allow embeddement within an external
cover. This could transform a new or existing structure into a self-sensing system and cost-
eﬀectively enlarge the sensing surface. Also, the use of a cement paste provides a signiﬁcant
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enhancement in the hardware durability, providing the sensor with a life expectancy similar
to the one of the monitored structure.
The fabrication process of a CNTCS is shown in Fig. 1. First, an ammonium
polyacrylate-based dispersing additive (BYK 154) is added to deionized water in the amount
of 1% by weight of CNTs (Fig. 1(a)). Then, Multi-Wall Carbon Nanotubes (MWCNTs)
(type Arkema Graphistrength C100) are added to the solvent in the proper amount (2%
by weight content of cement) (Fig. 1(b)). Dispersion of nanoparticles is the crucial step
that mostly aﬀects the ﬁnal result, as the suitable electrical properties of nanomodiﬁed
cement matrix are achieved only if a homogeneous CNTs network is formed in the composite
material. In particular, CNTs network should be three-dimensional, free of CNTs bundles,
with contacts between nanotubes. Here, dispersion is achieved by sequentially applying 10
minutes of magnetic stirring (Fig. 1(c)), 60 minutes of sonication (Fig. 1(d)) and 15 minutes
of mechanical mixing (Fig. 1(e)). The power of the ultrasounds of the sonicator (ultrasound
probe series Vibra Cell Bioblock Scientiﬁc mod. 75043) is adjusted to 225 W and the speed of
rotation of the agitator set equal to 1500 rev/min. After well dispersed, the water suspension
is mixed with a plasticizer (BASF SKY 521) and with the cement powder (Fig. 1(f)). It
is then poured in an oiled mold (Fig. 1(g)), and net electrodes are embedded (Fig. 1(h)).
Finally, after unmoulding, curing of the sample is carried out.
Fig. 1(i) shows the picture of the ﬁnal specimen of dimensions 50× 40× 50 mm3. Four
bidimensional stainless steel electrodes, composed by 1 mm diameter wires deployed to form
12.5× 12.5 mm nets, are embedded in approximately 3/4 of the width of the sensors. Inner
electrodes are placed at a mutual distance of 20 mm, while outer two electrodes are placed at
a distance of 10 mm from inner ones. Fig. 2 shows the SEM picture of the CNTs in the water
suspension (a) and in the nanomodiﬁed cement paste (b), demonstrating the eﬀectiveness of
the dispersion of the nanoparticles.
Table 1 summarizes the main properties of the carbon nanotubes used in CNTCS, while
the composition of the cement paste is described in Table 2. MWCNTs are used because of
their higher sensitivity to stress changes with respect to single-wall nanotubes [19].
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Table 1: Properties of the MWCNTs used in the experiment.
Property Description/Value
Appearance Black powder
Apparent density 50− 150 kg/m3
Mean agglomerate siz 200− 500µm
Weight loss at 105◦C < 1%
Carbon content > 90% inweight
Free amorphous carbon Undetectable(SEM)
Mean number of walls 5− 15
Outer mean diameter 10− 15 nm
Length 0.1− 10 µm
Table 2: Cement paste mix design.
Components Content
MWCNTs 324 kg/m3
DisperByK154 3.24 kg/m3
Cementtype 42.5 16200 kg/m3
Superplasticizer 32.4 dm3/m3
Water 6970 kg/m3
w/c ratio 0.43
When the amount of nanoparticles in the composite material reaches a critical fraction
and the CNTs are properly dispersed, percolation starts and the material becomes a
conductor. In such condition, a compressive strain results in closer interactions between
nanoparticles and in a higher electrical conductivity. Conversely, a tension strain provokes
the opposite eﬀect with a decrease in conductivity. From these observations, it is clear that
the change in axial strain ∆ε is physically correlated with the change in electrical resistance
∆R between two points in the material.
A major issue aﬀecting the relation between ∆R and ∆ε is that cement paste possesses
dielectric properties and consequently exhibits electrical polarization eﬀects. This occurs
when a dielectric is subjected to an electrical ﬁeld. The applied electrical ﬁeld polarizes the
material by orienting the dipole moments of molecules that have random orientations under
normal conditions. The result of polarization is an electrical ﬁeld in the direction opposite to
the applied electrical ﬁeld due to the formation of the dipoles. The main consequence of the
dielectric properties of the material is that the sensor does not behave as a simple resistor but
rather as resistor and a capacitor in parallel, with some parasitic resistance arising from the
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contact electrodes-sensor. However, this parasitic resistance can be neglected in comparison
with internal resistance.
The measurement principle of CNTCS consists of computing the change in strain by
measuring the change in resistance of the sensor. Here, measurements of electrical current
between CNTCS electrodes under application of a stabilized voltage diﬀerence are taken and
electrical resistance is measured by dividing applied voltage by electrical current.
Measured electrical current of CNTCS and, consequently, measured electrical resistance
vary with strain and polarization. In particular, in unstrained conditions, the measured
electrical resistance asymptotically reaches over time the internal electrical resistance. This
slow variation of electrical resistance due to polarization is superimposed to faster variations
when strain occurs. At a ﬁrst level of approximation, the former eﬀect can be eliminated
through a high-pass ﬁlter and the correlation between measured resistance and strain can
be modeled by means of the same formula used for conventional strain gauges:
∆R
R0
= λCNTCS∆ε (1)
where λCNTCS is the gauge factor of the CNTCS and R0 is the value of the unstrained internal
electrical resistance of the sensor. Because of the peculiar electromechanical behavior of the
sensors, λCNTCS is rate dependent and also varies with ε, resulting in a nonlinear relationship
of strain-to-signal. In this paper the variational strain is obtained by assuming linearity of
Eq. (1).
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Figure 1: Fabrication process of a CNTCS.
Figure 2: SEM pictures of the CNTCS: (a) water suspension with CNTs; and (b) hardened
composite cement paste.
2.2. Soft Elastomeric Capacitor
Flexible sensors have been previously proposed for SHM applications [20, 21, 22, 23, 24, 25].
Popular applications include the addition of CNTs within the polymer matrix to create
resistance-based strain sensors [26, 27, 28]. Capacitance-based strain sensors have also
been proposed, with applications to strain [29, 30], pressure [31], tri-axial force [32],
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and humidity [33, 34] measurements. The SEC developed by the authors diﬀers from
literature by combining both a large physical size and relatively high initial capacitance,
resulting in a larger surface coverage and higher sensitivity. A network of SECs oﬀers
the combined advantages of being cost-eﬀective, operable at low frequencies, mechanically
and environmentally robust, low-powered, easy to install onto surfaces, and customizable in
shapes and sizes. The proof-of-concept of the SEC technology has been demonstrated by
the authors with an oﬀ-the-shelf ﬂexible capacitor [35], and with the nanoparticle mix used
in this paper [6].
The fabrication process of an SEC is shown in Fig. 3. First, the SEBS (Mediprene
Dryﬂex) matrix is dissolved in toluene (Fig. 3(a)). The solution is doped with TiO2 rutile
(Sachtleben R 320 D) by dispersing a 15% vol. concentration using an ultrasonic tip (Fisher
Scientiﬁc D100 Sonic Dismembrator) (Fig. 3(b)). The addition of these inorganic particles
into the SEBS matrix increases the permittivity and durability of the polymer [36]. The
SEBS-TiO2 mix is drop casted on an 80× 80 mm2 glass slides and dries for 48 hours to let
the toluene evaporate (Fig. 3(c)). During this drying phase, a 10% vol. concentration of CB
(Printex XE 2-B) is added to another SEBS-toluene mix. The CB particles are dispersed
in a sonic bath over 24 hours (Fig. 3(d)). The conductive mix is painted onto the top and
bottom surfaces of the dried dielectric (SEBS+TiO2) to create the electrodes, and let drying
for 48 hours to let the toluene evaporate. Two conductive copper tapes are embedded in the
electrode mix to allow a mechanical connection to the sensor. Fig. 3(f) is a picture of the
resulting SEC. Fig. 4 is a SEM picture of the resulting SEC showing a good dispersion of
the TiO2 particles.
Figure 3: Fabrication process of an SEC.
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Figure 4: SEM picture of the SEC.
The capacitance C of an SEC can be approximated by
C = ε0εr
A
h
(2)
where ε0 = 8.854 pF/m is the vacuum permittivity, εr the dimensionless polymer relative
permittivity, A = w · l the sensor area with width w and length l, and h the height of the
dielectric. The relative permittivity is assumed to be constant at low frequencies (< 100
Hz). A small change in C can be obtained from Eq. (2) by expressing the diﬀerential ∆C as
∆C =
(
∆l
l
+
∆w
w
− ∆h
h
)
C (3)
Specializing Eq. (3) for unidirectional strain (∆w = 0), and assuming that the polymer
is incompressible (the Poisson ratio of pure SEBS materials ≈ 0.49 [37], resulting in a change
in volume ∆V ≈ 0), the following geometric property can be derived between ∆l and ∆h:
V0 = V0 + ∆V
w · l · h = (l + ∆l)(h+ ∆h)w
∆l
l
≈ −∆h
h
(4)
where V0 = w · l · h represents the nominal volume. It follows from Eqs. (2) to (4) that
∆C
∆ε
= 2C (5)
Eq. (5) represents the sensitivity of the sensor, from which a gauge factor of λSEC = 2
can be obtained. While the gauge factor is not in function of the level of dopant, the addition
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Figure 5: Sensing principle of an SEC.
of TiO2 can result in a signiﬁcant change in sensitivity. Also, the sensor sensitivity can be
customized by altering the sensor geometry. For the SEC shown in Fig. 3(f) (C ≈ 700 pf,
w = l = 70 mm, h = 0.45 mm), the resulting sensitivity is ∆C/∆l ≈ 20 pF/mm, but may
vary by ±20% due to the manual fabrication process.
The measurement principle of an SEC is shown in Fig. 5. The sensor is adhered onto
the monitored surface with an epoxy. A strain in the monitored surface ∆l/l is transduced
as a change in the SEC geometry, which can be read as a change in capacitance ∆C/C by
the Data Acquisition (DAQ) system.
3. Methodology used for the comparison
3.1. Dynamic Characterization
Prior to conducting the experimental tests on the large-scale concrete beam specimen, the
dynamic response of both sensors is studied in a controlled laboratory setup. To provide an
accurate comparison, an SEC of dimensions 40× 40× 0.45 mm3 is adhered directly onto the
surface of the CNCTS of dimensions 50× 40× 50 mm3. Fig. 6(b) is a picture of the CNTCS
specimen and Fig. 6 (c) shows the SEC adhered onto the surface of the same CNTCS
specimen. The testing equipment consists of a servo-controlled pneumatic universal testing
machine (IPC Global UTM-14P) with 14 kN load capacity, equipped with an environmental
chamber to control for a constant temperature. The sensing specimen is precompressed at 1
kN, and subjected to a harmonic load with frequency increasing in discrete steps from 0.25
to 15 Hz. The upper bound of this investigated frequency range is dictated by the technical
characteristics of the testing machine capabilities. Nevertheless, the experiment covers a
range in which natural frequencies of civil structures typically lie. Considering the values
of the applied axial load, during the experiment the CNTCS-SEC specimen remains in the
linear elastic range of deformation.
The output from the CNCTS is measured using a high speed digital multimeter, model
National Instruments (NI) PXI-4071, installed into a NI PXIe-1073 (Fig. 6(e)). This last also
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Figure 6: Test setup for the dynamic validation: (a) uniaxial test machine with CNTCS-SEC
specimen; (b) detail view of tested CNTCS; (c) detail view of SEC adhered onto the surface
of the CNTCS; (d) detail view of the DAQ system for SEC; and (e) detail view of DAQ
system for CNTCS.
hosts a source measure unit, model NI PXI-4130, providing stabilized potential diﬀerence
to the CNTCS in a single isolated channel. The measurement is done by providing a
voltage input of 2 V and measuring current intensity outputted by the CNTCS through
the multimeter at a sampling rate of 1000 Hz. The capacitance from the SEC is measured
at 390 Hz using an ACAM PCAP01 data acquisition system (Fig. 6(d)). For the dynamic
characterization, data are unﬁltered in frequency, time drift in the output of the CNTCS is
corrected through subtraction of an interpolating polynomial of order 10 and that in SEC's
output through a linear detrend. Fig. 6(a) shows the CNTCS-SEC specimen installed in the
testing machine.
3.2. Experiment on Full-Scale Concrete Beam
The capacity of the sensors at detecting natural frequencies is studied on a reinforced concrete
beam which ﬁrst natural frequencies in both the vertical and lateral axes lie below 40 Hz.
This test also provides an extension on the frequency range investigated in the previous
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experiment. The RC beam has dimensions of 200×300×4000 mm3, and is equipped with two
steel plates partially embedded at its extremities prior to casting serving as vertical supports.
The plates are inserted into steel supports to allow end rotations in the vertical plane while
ﬁxing rotations in the horizontal plane. Assuming a material density of 2500 kg/m3 and
a Young modulus equal to 30000 N/mm2 results in analytical fundamental frequencies of
25.2 Hz along the strong bending axis with simply supported boundary conditions and 38.1
Hz along the weak axis with ﬁxed boundary conditions. Vertical and horizontal vibration
modes of the beam are benchmarked against results obtained using seven equally spaced
seismic accelerometers that can be mounted in either vertical or in horizontal directions.
The accelerometers (PCB393C - 1 V/g sensitivity with ±2.5 g measurement range) are
attached through permanent magnets onto 40× 40× 8 mm3 steel plates that are glued onto
the beam. The accelerometers are wired to the central unit by means of short coaxial cables.
The beam is excited with an impulse hammer (PCB 086D20C41) equipped with force
sensor (ICP quartz 0.23 mV/N sensitivity and ±22240 N measurement range). The outputs
of accelerometers and the hammer are acquired through an 8 channels data acquisition
module, model PXIe-4492 (24-bit resolution with anti aliasing ﬁlters), also installed in the
PXIe-1073 hosting the power and DAQ modules of the CNTCS. All data are acquired over
420 sec. Data sampling rates and sampling duration are beyond the Nyquist sampling
rate and signiﬁcantly larger than the ﬁrst structural periods, respectively, which allows an
accurate frequency identiﬁcation.
The output of the CNTCS is sampled at 1000 Hz, and a high-pass ﬁlter with a cut-oﬀ
frequency of 7.5 Hz is applied, to eliminate the polarization eﬀects (see Section 2.1). The
output of the SEC is sampled at 440 Hz and a similar ﬁlter is used with a cut-oﬀ frequency
of 2 Hz. Given the high noise level in the DAQ system allocated to the SEC, other ﬁltering
methods could be used for better frequency localization, as shown in Ref. [38]. The authors
have preferred to use the simple high-pass ﬁlter to enable a cleaner comparison.
The CNTCS is attached onto the top surface of the RC beam by means of two L-shaped
steel elements, each one connected to the RC beam by means of four plugs. These connections
are placed at quarter-span of the beam. A screw permits to apply an initial prestress to the
CNTCS that is manually adjusted and controlled through a load cell with a digital display.
This initial pressure used herein is to simulate an embedment of the CNTCS while providing
a practical mean to access the sensor's electrodes at any time for experimental purposes.
Electrical isolation of the CNTCS from the RC beam connection devices is achieved using
plastic sheets. A SEC of dimensions 70× 70× 0.45 mm3 is glued onto the top surface of the
RC beam at the same location of the CNTCS.
Fig. 7 shows the laboratory setup for the full-scale RC beam.
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Figure 7: Test setup for the full-scale RC beam: (a) sensors' layout with dimensions in cm;
(b) detail view of CNTCS mounted on the beam; and (c) detail view of the SEC glued onto
the surface of the beam.
4. Experimental Results
4.1. Dynamic Characterization
The experimental study is initiated with the dynamic characterization of both sensors. Both
specimens are subjected to a harmonic load varying between 0.25 to 15 Hz with discrete
increments. Fig. 8 shows the sensors responses over the range 0.25-4 Hz. Both sensors
exhibit a drift in the time domain that can be due to electrical charges in the sensor (see
Section 2.1). Fig. 9 is a plot of the variation in the sensors signals in function of strain, where
strain is normalized by its maximum value ∆max, and the sensors outputs are normalized
by their maxima ∆Rmax and ∆Cmax for the CNTCS and SEC, respectively. Data from Fig.
9 are taken from the range 0.25 to 0.5 Hz with a load amplitude from 0.5 to 1.5 kN. Results
conﬁrm the nonlinearity of Eq. (1), with increasing sensor's sensitivity in compression, and
the linearity of the SEC strain-signal model (Eq. (5)).
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Figure 8: Sensors responses: (a) applied load; (b) CNTCS; and (c) SEC.
Figure 9: Normalized sensors' signal variations versus normalized strain: (a) CNTCS; and
(b) SEC.
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Fig. 10 compares the frequency response function (FRF) of both sensors over the full
range 0.25-15 Hz. The FRF plots were obtained by taking the ratio of the response over the
excitation input in the frequency domain. FRF are normalized to the values obtained at the
higher frequency of investigation, equal to 15 Hz. The monotonically increasing frequency
response of the CNTCS shows that the sensor tends to an ideally linear behavior at higher
frequencies. This is explained by the strain-rate dependency of the fractional change in
resistance observed in cement-based nanocomposites [15]. The monotonically decreasing
frequency response of the SEC is explained by the strain-rate dependency of the SEBS [39],
as well as an adiabatic heating eﬀect that causes a softening of the bonds [40]. This frequency
dependance for both sensors represents a limitation in the sensing solutions, which can be
overcome by the incorporation of a strain-rate dependant model in the electromechanical
models. Nevertheless, this limitation is inconsequential in modal identiﬁcation applications.
Figure 10: Normalized frequency response functions: (a) CNTCS; and (b) SEC.
Figs. 11 and 12 show the wavelet transforms for each of the sensors. The wavelet
transform uses morlet wavelets on three sections of the original signal extracted using a Tukey
windowing function to reduce frequency leakage. The wavelet coeﬃcients are normalized
over each time bin. The black dotted line in Figs. 11 and 12 represents the frequency input,
ramping from 0.25 to 15 Hz.
Results from the wavelet transform show that both sensors can track the excitation
frequency of the 0.25-15 Hz range. However, the SEC has signiﬁcantly more noise than
the CNTCS. This additional noise is due to limitations in the DAQ system. While the
CNTCS uses a mature technology to measure resistance, the oﬀ-the-shelf DAQ system used
to measure capacitance is yet to reach a similar level of precision. An electronic circuitry
15
Figure 11: Wavelet transform for the CNTCS signal: (a) 0.25-4 Hz; (b) 5-11 Hz; and (c)
12-15 Hz. The black dotted line is the frequency excitation.
Figure 12: Wavelet transform for the SEC signal: (a) 0.25-4 Hz; (b) 5-11 Hz; and (c) 12-15
Hz. The black dotted line is the frequency excitation.
dedicated at measuring very small changes in capacitance is currently being developed by
the authors.
4.2. Experiment on Full-Scale Concrete Beam
Both sensing methods are compared for dynamic monitoring of a full-scale RC beam. Modal
information is extracted by means of the classic Frequency Domain Decomposition (FDD)
method. FDD is based on the evaluation of the matrix of cross-spectral densities of the
output data G(f), where f denotes the frequency. The diagonal terms in G(f) are the
(real valued) auto-spectral densities, while the other terms are the (complex) cross-spectral
densities. The matrix is computed by using the modiﬁed periodogram method that consists
of averaging the spectra by subdividing the recorded signals into windows and overlapping
frames containing 2n points. The frequency resolution is thus equal to fs/2
n+1, fs being the
sampling frequency. To extract modal parameters estimates, the matrixG(f) is decomposed
through singular value decomposition at discrete frequencies. Under the hypothesis that the
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input is a white noise and that damping is low, natural frequencies are identiﬁed as those
that correspond to the peaks of the curves representing the singular values of G(f). Mode
shapes are approximated by taking the corresponding singular vectors.
Simultaneous testing of the SEC and accelerometers, as well as simultaneous testing of
CNTCS and accelerometers were carried out at the beginning of June and at the beginning of
July 2013, respectively. Results from the FDD applied to acceleration signals (ﬁrst singular
value lines of the spectral matrices of the measurements) are shown in Fig. 13. Four natural
modes of vibration are identiﬁed in the range between 0 and 40 Hz. These modes include
the fundamental vertical mode, denoted as mode V1 at 26.0 Hz, and the fundamental lateral
mode, denoted as mode L1, at 32.7 Hz. Variation of the frequency of mode V1 from 27.1 Hz
to 25.6 was observed over one month, which can be explained by an increase in temperature
in the laboratory. The identiﬁed natural frequencies of modes V1 and L1 well agree with
analytical predictions. Also, their estimated mode shapes, plotted in Fig. 13, resemble the
analytical modes for simply supported (V1) and ﬁxed-ﬁxed (L1) elastic beams. In addition
to these two expected modes, two more lateral modes are identiﬁed at 5.1 Hz and 19.8 Hz
and are denoted as mode LS1 and LS2, respectively. By comparing their shapes, it can be
concluded that these modes are originated by the rolling motions of the supports over the
base. In mode LS1, the supports move in phase. In mode LS2, the supports move out of
phase. These motions could be also visually observable during testing on site.
In Fig. 13, the Power Spectral Densities (PSDs) of the data recorded from CNTCS and
SEC are shown and compared against the results obtained from acceleration data acquired
simultaneously. These results show that the leading peak, corresponding to mode V1, is
quite evident and precisely identiﬁed in both output spectra of CNTCS and SEC. Some
peaks related to lateral modes are also visible in both of the sensors output spectra, which
is explained by their multi-directional sensing capabilities. The peak of mode LS1 is quite
evident in the case of SEC, and mode LS2 appears to be identiﬁed, but with a shift in
the frequency. In the case of CNTCS, while the peak of mode LS1 is not visible, probably
because it is hidden by the energy of the signal at low frequencies associated with electrical
polarization of the sensor, a second peak is visible which seems to be associated with mode
L1, but also with a shift in the frequency. The PSD of the SEC shows additional peaks
around 10 Hz and 16 Hz, which can be associated to a local damage, as smaller peaks are
observable in the accelerometers data.
5. Conclusion
Two novel solutions for strain sensing using nanocomposite materials recently proposed by
the authors have been further studied by investigating their potential at dynamic monitoring
of civil structures. Both technologies are aimed at providing aﬀordable solutions for
monitoring local strain in large-scale structures, but are diﬀerent in terms of applications and
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Figure 13: FDD results: (a) PSD of CNTCS's output; (b) ﬁrst SV line of vertical acceleration
data acquired simultaneously to CNTCS's output; (c) ﬁrst SV line of lateral acceleration data
acquired simultaneously to CNTCS's output; (d) PSD of SEC's output; (e) ﬁrst SV line of
vertical acceleration data acquired simultaneously to SEC's output; (f) ﬁrst SV line of lateral
acceleration data acquired simultaneously to SEC's output; and (g) mode shapes identiﬁed
form acceleration data.
physical principles. The CNTCS is embeddable in concrete structures because its is fabricate
from a cement-based material and can transduce variations in axial strain in variations of
electrical resistance. The SEC has been developed to be a surface sensor, and can be used in
a matrix form to create an external sensing skin. It can transduce variations in axial strain
in variations in electrical capacitance. The main conclusions of this study are as follow:
• Dynamic characterization of CNTCS and SEC using a uniaxial test machine has shown
that both sensors are capable of closely tracking excitation frequencies in the range of
0.25 to 15 Hz.
• The normalized calibration curves of both sensors have been obtained in the uniaxial
test. While the CNTCS behaves as a slightly nonlinear transducer, with a sensitivity
that increases in compression, the SEC exhibits a linear signal-strain relationship that
agrees well with its theoretical electromechanical model.
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• Frequency response curves of CNTCS and SEC have been obtained with dynamic
compression tests. The curves show that the outputs of both sensors are rate dependent.
In particular, the frequency response curves of CNTCS is monotonically increasing with
the frequency while that of SEC is monotonically decreasing with the frequency. Both
sensors seem to tend to an ideally linear dynamic behavior, with constant frequency
response curves, at large frequencies.
• The pioneering application of the two novel sensing technologies in vibration monitoring
of a RC beam has demonstrated their ability to clearly detect the frequency of the
fundamental vibration mode at about 26 Hz, independently identiﬁed using data
recorded from oﬀ-the-shelf accelerometers. Lower lateral modes have been identiﬁed
by the SEC, while a higher lateral mode has been identiﬁed by the CNTCS.
Results presented in this paper show a promise toward the use of the nanocomposite
technologies in vibration-based structural health monitoring systems, providing a solution
to the meso-scale challenge in SHM of civil structures, such as tall buildings, bridges, road
pavements and more.
Acknowledgements
This work is partly supported by the Iowa State University Council on International
Programs, grant 1001062565 from the Iowa Alliance for Wind Innovation and Novel
Development (IAWIND), and grant 13-02 from the Iowa Energy Center; their support is
gratefully acknowledged.
The authors also acknowledge the support provided to this research by the Group
of Materials Science and Technology of University of Perugia, coordinated by Professor
José M. Kenny, for sharing their knowledge and expertise and for providing materials and
equipment for the preparation and analysis of CNTCS. A particular appreciation goes to Dr.
Marco Monti, Dr. Maurizio Natali and Dr. Marco Rallini, from the same Research Group,
who participated in the development of the CNTCS and in related physical and chemical
investigations.
References
[1] JMW Brownjohn. Structural health monitoring of civil infrastructure. Philosophical Transactions of
the Royal Society A: Mathematical, Physical and Engineering Sciences, 365(1851):589622, 2007.
[2] T. Harms, S. Sedigh, and F. Bastianini. Structural Health Monitoring of Bridges Using Wireless Sensor
Networks. Instrumentation & Measurement Magazine, IEEE, 13(6):1418, 2010.
[3] M Monti, M Natali, R Petrucci, J Kenny, and L Torre. Impact damage sensing in glass ﬁber reinforced
composites based on carbon nanotubes by electrical resistance measurements. Journal of Applied
Polymer Science, 122:28292836, 2011.
19
[4] LM Chiacchiarelli, M Rallini, M Monti, D Puglia, J Kenny, and L Torre. The role of irreversible and
reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to
structural health monitoring. Composites Science and Technology, 80:7379, 2013.
[5] AL Materazzi, F Ubertini, and A D'Alessandro. Carbon nanotube cement-based transducers for
dynamic sensing of strain. Cement and Concrete Composites, 37:211, 2013.
[6] S. Laﬂamme, M. Kollosche, J. J. Connor, and G. Kofod. Robust ﬂexible capacitive surface sensor for
structural health monitoring applications. Journal of Engineering Mechanics, 139(7):879885, 2013.
[7] S. Laﬂamme, H. Saleem, B. Vasan, R. Geiger, D. Chen, M. Kessler, and K. Rajan. Elastomeric
capacitor network for strain sensing over large surfaces. IEEE/ASME Transactions on Mechatronics,
18(6):16471654, 2013.
[8] A Alvandi and C Cremona. Assessment of vibration-based damage identiﬁcation techniques. Journal
of Sound and Vibration, 292(1-2):179202, 2006.
[9] M Gioﬀre`, V Gusella, AL Materazzi, and I Venanzi. Removable guyed mast for mobile phone
networks: Wind load modeling and structural response. Journal of Wind Engineering and Industrial
Aerodynamics, 92(6):463  475, 2004.
[10] JM Ko and YQ Ni. Technology developments in structural health monitoring of large-scale bridges.
Engineering Structures, 27:17151725, 2005.
[11] N Muto, H Yanagida, T Nakatsuji, M Sugita, Y Ohtsuka, and Y Arai. Design of intelligent materials
with self-diagnosing function for preventing fatal fracture. Smart Materials and Structures, 1(4):324
329, 1992.
[12] S Wen and DDL Chung. Model of piezoresistivity in carbon ﬁber cement. Cement and Concrete
Research, 36:18791885, 2006.
[13] H Li, H Xiao, and J Ou. Smart concrete, sensors and self-sensing concrete structures. Key Engineering
Materials, 400-402:6980, 2009.
[14] X Yu and Kwon E. A carbon nanotube/cement composite with piezoresistive properties. Smart
Materials and Structures, 18(5):1  5, 2009.
[15] F Azhari and N Banthia. Cement-based sensors with carbon ﬁbers and carbon nanotubes for
piezoresistive sensing. Cement and Concrete Composites, 34:866873, 2012.
[16] Venkat K Vadlamani, Vijaya Chalivendra, Arun Shukla, and Sze Yang. In situ sensing of non-linear
deformation and damage in epoxy particulate composites. Smart Materials and Structures, 21(7),
2012.
[17] NJ Heeder, A Shukla, V Chalivendra, S Yang, and K Park. Electrical response of carbon nanotube
reinforced nanocomposites under static and dynamic loading. Experimental Mechanics, 52:315322,
2012.
[18] MS Konsta-Gdoutos, ZS Metexa, and SP Shah. Highly dispersed carbon nanotube reinforced cement-
based materials. Cement and Concrete Research, 40(7):10521059, 2010.
[19] S Wansom, NJ Kidner, LY Woo, and TO Mason. Ac-impedance response of multi-walled carbon
nanotube/cement composites. Cement and Concrete Composites, 28:509519, 2006.
[20] Y. Zhang, GM Lloyd, and ML Wang. Random Vibration Response Testing of PVDF Gages for Long-
span Bridge Monitoring. In Proc. 4th Int. Workshop on Structural Health Monitoring, Stanford, page
115, 2003.
[21] S. Hurlebaus and L. Gaul. Smart layer for damage diagnostics. Journal of intelligent material systems
and structures, 15(9-10):729736, 2004.
[22] JA Carlson, JM English, and DJ Coe. A ﬂexible, self-healing sensor skin. Smart materials and
structures, 15:N129, 2006.
[23] U. Tata, S. Deshmukh, JC Chiao, R. Carter, and H. Huang. Bio-inspired sensor skins for structural
health monitoring. Smart Materials and Structures, 18:104026, 2009.
[24] I Mohammad and H Huang. Monitoring fatigue crack growth and opening using antenna sensors. Smart
20
Materials and Structures, 19(5):055023, 2010.
[25] Sang-Dong Jang and Jaehwan Kim. Passive wireless structural health monitoring sensor made with a
ﬂexible planar dipole antenna. Smart Materials and Structures, 21(2):027001, 2012.
[26] Inpil Kang, Mark J Schulz, Jay H Kim, Vesselin Shanov, and Donglu Shi. A carbon nanotube strain
sensor for structural health monitoring. Smart materials and structures, 15(3):737, 2006.
[27] K.J. Loh, T.C. Hou, J.P. Lynch, and N.A. Kotov. Carbon nanotube sensing skins for spatial strain and
impact damage identiﬁcation. Journal of Nondestructive Evaluation, 28(1):925, 2009.
[28] L. Gao, E.T. Thostenson, Z. Zhang, J.H. Byun, and T.W. Chou. Damage monitoring in ﬁber-reinforced
composites under fatigue loading using carbon nanotube networks. Philosophical Magazine, 90(31-
32):40854099, 2010.
[29] KI Arshak, D McDonagh, and MA Durcan. Development of new capacitive strain sensors based on
thick ﬁlm polymer and cermet technologies. Sensors and Actuators A: Physical, 79(2):102114, 2000.
[30] Michael Suster, Jun Guo, Nattapon Chaimanonart, Wen H Ko, and Darrin J Young. A high-
performance mems capacitive strain sensing system. Microelectromechanical Systems, Journal of,
15(5):10691077, 2006.
[31] Darren J Lipomi, Michael Vosgueritchian, Benjamin CK Tee, Sondra L Hellstrom, Jennifer A Lee,
Courtney H Fox, and Zhenan Bao. Skin-like pressure and strain sensors based on transparent elastic
ﬁlms of carbon nanotubes. Nature nanotechnology, 6(12):788792, 2011.
[32] Jagoda Anna Dobrzynska and MAM Gijs. Polymer-based ﬂexible capacitive sensor for three-axial force
measurements. Journal of Micromechanics and Microengineering, 23(1):015009, 2013.
[33] PM Harrey, BJ Ramsey, PSA Evans, and DJ Harrison. Capacitive-type humidity sensors fabricated
using the oﬀset lithographic printing process. Sensors and Actuators B: Chemical, 87(2):226232,
2002.
[34] Hyun Pyo Hong, Kyung Hoon Jung, Nam Ki Min, Yong Hoon Rhee, and Chan Won Park. A highly
fast capacitive-type humidity sensor using percolating carbon nanotube ﬁlms as a porous electrode
material. In Sensors, 2012 IEEE, pages 14. IEEE, 2012.
[35] S Laﬂamme, M Kollosche, JJ Connor, and G Kofod. Soft capacitive sensor for structural health
monitoring of large-scale systems. Structural Control and Health Monitoring, 19(1):7081, 2012.
[36] Matthias Kollosche, Hristiyan Stoyanov, Simon Laﬂamme, and Guggi Kofod. Strongly enhanced
sensitivity in elastic capacitive strain sensors. Journal of Materials Chemistry, 21(23):82928294,
2011.
[37] AN Wilkinson, ML Clemens, and VM Harding. The eﬀects of sebs-g-maleic anhydride reaction on the
morphology and properties of polypropylene/pa6/sebs ternary blends. Polymer, 45(15):52395249,
2004.
[38] Simon Laﬂamme, Matthais Kollosche, Venkata D Kollipara, Hussam S Saleem, and Guggi Kofod. Large-
scale surface strain gauge for health monitoring of civil structures. In SPIE Smart Structures and
Materials+ Nondestructive Evaluation and Health Monitoring, pages 83471P83471P. International
Society for Optics and Photonics, 2012.
[39] H. Stoyanov, M. Kollosche, D. N. McCarthy, and G. Kofod. Molecular composites with enhanced energy
density for electroactive polymers. Journal of Material Chemistry, 20:75587564, 2010.
[40] Ellen M Arruda, Mary C Boyce, and R Jayachandran. Eﬀects of strain rate, temperature and
thermomechanical coupling on the ﬁnite strain deformation of glassy polymers. Mechanics of
Materials, 19(2):193212, 1995.
21
